12 Class I Major Histocompatibility Complex (MHC) binds short antigenic peptides with the 13 help of Peptide Loading Complex (PLC), and presents them to T-cell Receptors 14 (TCRs) of cytotoxic T-cells and Killer-cell Immunglobulin-like Receptors (KIRs) of 15 Natural Killer (NK) cells. With more than 10000 alleles, the Human Leukocyte Antigen 16 (HLA) chain of MHC is the most polymorphic protein in humans. This allelic diversity 17 provides a wide coverage of peptide sequence space, yet does not affect the three-18 dimensional structure of the complex. Moreover, TCRs mostly interact with pMHC in a 19 common diagonal binding mode, and KIR-pMHC interaction is allele-dependent. With 20 the aim of establishing a framework for understanding the relationships between 21 polymorphism (sequence), structure (conserved fold) and function (protein interactions) 22 of the MHC, we performed here a local frustration analysis on pMHC homology models 23 covering 1436 HLA I alleles. An analysis of local frustration profiles indicated that (1) 24 variations in MHC fold are unlikely due to minimally-frustrated and relatively conserved 25 residues within the HLA peptide-binding groove, (2) high frustration patches on HLA 26 helices are either involved in or near interaction sites of MHC with the TCR, KIR, or 27 Tapasin of the PLC, and (3) peptide ligands mainly stabilize the F-pocket of HLA 28 binding groove.
Introduction

Results and Discussion
126
Sequence variation in HLA binding groove 127 We began with an analysis of sequence variation in the HLA I peptide binding 128 groove. A total of 8696 HLA I binding groove (-1 and -2 domains) sequences 129 (including 2799, 3433 and 2464 alleles from HLA-A, -B, and -C gene loci, respectively) 130 were included in the analysis. We identified amino acid variation at each respective 131 position in the HLA peptide binding groove by constructing sequence logos (Fig 2A) .
132
In line with findings of a recent analysis [53], we detected high levels of variation at 133 most binding groove positions. However, some positions were relatively conserved, 134 and dominated by a single amino acid. This dominance is due to the imbalance 135 between the number of occurrences of the respective amino acid and those of the 136 others. Glycine, phenylalanine, proline, tryptophan, leucine, aspartic acid and arginine 137 were found to be the most conserved amino acid types. 145
The sequence logos also display several "hyper-variable" positions as well 146 (positions 9, 24, 45, 67, 97, 116, 138, 152, 156, and 163). This variation is expected, 147 since all of these positions are located within the peptide binding pockets, and were 148 previously shown to define allele-specific peptide ligand repertoires [42, 43, 54] .
149
We also quantified the evolutionary importance of each position in the binding 150 groove by computing the real-value Evolutionary Trace (rvET) ranks per position [55] .
151
rvET is an absolute rank of a given position in terms of its evolutionary importance.
152
Here, lower rvET ranks/scores indicate higher evolutionary importance and vice versa.
153
The ET analysis here is based on both sequence variation/conservation and the 245 helix segment is in line with these findings.
246
Median SRFI values of most binding groove positions were found to indicate 247 neutral frustration ( Fig 4B) . On the other hand, HLA polymorphism at peptide binding 248 pocket positions apparently caused significant drifts towards minimal or high 249 frustration as well, even though the median SRFI remained within the neutral 250 frustration range (-1 to 1).
251
Overall, these results suggest that the human MHC evolves to maintain its 
271
Coloring as in Figure 3 . 
275
Here, HLA-A, -B and -C alleles were clustered into distinct groups from a different 276 perspective using local frustration data. Moreover, the structural energetics aspect 277 provides an additional level of detail.
278
Unlike data used in previous studies, the SRFI may explain previously reported 279 differences between HLA alleles in terms of pMHC stability and hence, the cell surface 
300
All in all, these results support the view that HLA-C is intrinsically less stable on 301 the cell-surface via a post-translational mechanism [84,86]. This mechanism may 302 simply involve a less than optimal packing in the binding groove of HLA-C. Our results 303 also may also explain the limited diversity of HLA-C peptide ligands: higher frustration 304 in ligand binding sites may indicate a lower peptide binding capability. 142, and 147) ( Fig 6) . Here, denotes information content, is the probability of observing amino acid 335 at the respective sequence position (calculated from input multiple sequence 336 alignment) and is the pre-defined (background) probability of observing amino acid 337 at the given position. An equal probability was used for each amino acid type (1/20).
338
The Evolutionary Trace (ET) method is an improvement over the classical IC 339 approach described above [55, 56] . In this method, the IE is calculated after 340 constructing a phylogenetic tree of sequences and for each branch (node) of the tree.
341
Then, the conservation/variation level at a given position is calculated using the 342 following equation:
Here, is the number of sequences in the alignment and is the number of -1 345 possible nodes in the phylogenetic tree. The final score is also termed "real-value Here, a value of 4.15, which corresponds to an aqueous solution, was used.
385
Once the energies are computed using the AWSEM potential, frustratometer2
386 assesses the local frustration present in each residue-residue contact. Here, the 387 contacts between two residues are compared to contacts in decoy structures or 388 molten globule configurations. The tool can produce decoys by simultaneously 389 mutating both residues to all other amino acids. A normalization is applied in order to 390 compare the energies of the native structure to decoys. A "mutational frustration 391 index" ( ) then captures how favorable the contacts of the residues present in the 392 native structure to decoys as follows:
where is the total energy of native protein and is the average energy of decoy , , , ', ' 395 structures. By changing the amino acid identity at both positions simultaneously, not 396 only the contact between the respective two residues are changed, but those contacts 397 made by the two residues with other residues are changed as well.
398
This index can also be calculated by changing the amino acid type of only one of 399 the residues instead of applying simultaneous mutations at both positions. The index 400 then represents how favorable the contacts made by a given amino acid are at a given 401 position in the structure. When applied this way, the index is termed "Single Residue 
